Abstract Ante-mortem diagnosis of neurodegenerative disorders based on clinical features alone is associated with variable sensitivity and specificity, and biomarkers can potentially improve the accuracy of clinical diagnosis. In patients suspected of having Alzheimer's disease (AD), alterations in cerebrospinal fluid (CSF) biomarkers that reflect the neuropathologic changes of AD strongly support the diagnosis, although there is a trade-off between sensitivity and specificity due to similar changes in cognitively healthy subjects. Here, we review the current approaches in using CSF AD biomarkers (total tau, p-tau 181 , and Ab42) to predict the presence of AD pathology, and our recent work using multi-analyte profiling to derive novel biomarkers for biofluid-based AD diagnosis. We also review our use of the multi-analyte profiling strategy to identify novel biomarkers that can distinguish between subtypes of frontotemporal lobar degeneration, and those at risk of developing cognitive impairment in Parkinson's disease. Multi-analyte profiling is a powerful tool for biomarker discovery in complex neurodegenerative disorders, and analytes associated with one or more diseases may shed light on relevant biological pathways and potential targets for intervention.
Introduction
Age-related neurodegenerative diseases, including Alzheimer's disease (AD) [5] , frontotemporal lobar degeneration (FTLD) [18] , amyotrophic lateral sclerosis (ALS), dementia with Lewy bodies (DLB) [33] , and Parkinson's disease (PD), represent a growing challenge for patients, caregivers, and clinicians. Among these, AD is the most common disorder, with an estimated worldwide prevalence of over 26 million [13] . AD is thus the focus of investigation by many independent as well as coordinated efforts, with an increasing emphasis on advancing key areas of personalized medicine, i.e. diagnosis, prognosis, and intervention at the individual patient level. These efforts have resulted in the widespread use of medications alleviating the cognitive symptoms of AD and the growing investment in the development of disease-modifying small molecule drugs that specifically target the signature pathologic changes in AD including neuritic plaques and neurofibrillary tangles. In that regard, neuropathologic analysis of post-mortem central nervous system (CNS) tissue specimens over the past century has led to the identification of these histochemical changes as the most likely pathologic substrates for AD and therefore the most suitable targets for intervention. Early identification of patients with the characteristic pathologic alterations of AD will be not only essential for accurate diagnosis but also appropriate patient selection for substrate-specific diseasemodifying therapy. While clinical diagnosis may achieve highly sensitive selection of patients with underlying AD pathology (in part due to its high prevalence in the elderly population), prediction of AD as the disease-causing pathology in any given patient based on clinical characterization alone is often associated with sub-optimal specificity due to atypical or late clinical presentations, medical co-morbidities (cerebrovascular disease, alcoholism, polypharmacy), and the common presence of concomitant additional pathologic findings including lesions immunoreactive to TAR DNA binding protein of *43 kDa (TDP-43) or a-synuclein. The introduction of structural and functional imaging to the process of clinically predicting AD as the underlying pathology responsible for dementia has increased the overall diagnostic accuracy, although such structural and functional changes often occur as a mid-to-late consequence of disease (for a recent review, see Jack et al. [48] ). A potentially earlier and more reliable method of differentiating between multiple underlying pathologic substrates for cognitive impairment is the use of biomarkers in physiologic fluids such as blood or cerebrospinal fluid (CSF).
Ante-mortem biomarkers have a long history in neurological practice. Quincke first devised a clinical lumbar puncture procedure for possible diagnostic purposes in 1891, and Lichtheim and von Ziemssen each contributed to the earliest use of CSF examination in the differential diagnosis of meningitis [36] . In the modern era, CSF examination has been a critical step in the diagnosis of multiple sclerosis [9] . AD-related proteins/peptides were first identified in the CSF, and CSF levels of total tau, tau phosphorylated at threonine 181 (p-tau 181 ), and amyloidbeta 1-42 (Ab42) have subsequently emerged as the most reliable analytes associated with eventual pathologic confirmation of AD among other candidate proteins [21, 69] . At the University of Pennsylvania (UPenn), patients with neurodegenerative disorders were historically evaluated at the respective clinical unit or center with expertise in the diagnosis and management of each disorder. These units include the NIA funded Alzheimer Disease Core Center (ADCC), the Frontotemporal Dementia (FTD) Clinic, the ALS Clinic, and the NINDS funded Udall Parkinson's Disease Center. With our long-standing interest in CSF biomarkers of AD [21] , we have been collecting CSF in a standardized fashion from patients evaluated in each of these clinical units and healthy elderly volunteers for [10 years. The standardized collection and banking procedures allow for comparative analysis between a disease of interest and other neurological disorders, identification of analytes related to specific stages of disease (prodromal, mild, moderate, severe), and correlational studies of clinical longitudinal changes following CSF collection for ''predictive'' testing based on sequential and temporalspecific modulations in CSF analyte profiles. Importantly, as few studies in biomarker discovery and validation have used neuropathologic analysis as the true gold standard [15, 19, 21, 26, 29] , we have accumulated a collection of CSF samples from patients with known pathology despite the long delay between CSF collection and autopsy [42] . Analyte stability over years of storage, even at -80°C, also needs to be determined for each biomarker of interest. However, this long-term collection and banking effort is now linked to a rich body of longitudinal clinical information, and has become a resource for novel biomarkers analyzed by new platforms. One such technology is Luminex multiplex platform which allows for simultaneous measurements of multiple analytes using very small volumes (e.g. 75 lL) of CSF. Using proprietary assays in the Human DiscoveryMAP TM panel designed and validated by Rules-Based Medicine, Inc. (RBM, Austin, TX), we have been able to interrogate the levels of 150-189 analytes in the CSF and plasma of patients evaluated in the UPenn specialty clinical units and centers. Since we approach an era in which the diagnosis of dementia due to AD will depend on both clinical impression and biological support of AD pathology [6] and other diseases will likely follow, this review aims to address some of the advantages and limitations of several different contemporary analytical approaches to biomarker measurement, and to review the most recent work we and others have presented on the use of multi-analyte profiling in discovering novel biomarkers in neurodegeneration.
Alzheimer's disease Approach 1: core analytes, single threshold
The use of a single analyte with a single threshold value is perhaps the most familiar classification strategy to the practicing physician. Each clinical laboratory has a set of defined cut-off values, sometimes age-and gender-adjusted, for common systemic illnesses associated with neurological manifestations such as vitamin B12 deficiency and hypothyroidism. Multiple peptides have been proposed as such a litmus test for AD (reviewed by Shaw et al. [68] ), and CSF levels of peptides associated with the underlying AD pathology [5] -total tau, p-tau 181 , and Ab42-have been the most widely studied surrogate markers. Alterations of these peptides have been found in autopsyconfirmed cases of AD [26] : CSF Ab42 levels are decreased in AD presumably due to aggregation of soluble extracellular Ab42 peptides in neuritic plaques, while CSF tau and p-tau 181 levels are increased due to release from degenerating neurons [15, 68] . Multiple monoclonal antibody combinations are available commercially or through the development of individual laboratories for each peptide, and standardized kits to be used in an enzyme-linked immunosorbent assay (ELISA) are commercially available. The clear advantages of using such an assay system include its low upfront cost and convenience, as most investigators have expertise in developing or applying ELISA to peptide targets without highly specialized reagents or instruments.
At the same time, the ease of conducting such assays comes at the cost of relatively higher inter-assay variability which has been the main barrier in translating ELISAbased analyses to the clinical diagnosis of AD. While coefficients of variation (%CV) can be reduced significantly over a large number of samples and assays at single centers [66] , significant inter-center variability continues to be reported. In one study that attempted to address this type of variability across 14 clinical neurochemistry laboratories in Europe (Germany, Austria, and Switzerland) using commercially available ELISA kits (Innogenetics, Gent, Belgium), the CV of ELISA-based assays were in the 20-30% range (26% for tau, 27% for p-tau 181 , and 29% for Ab42) [52] . In another study in 2004, 13 international centers each received three CSF-pool samples, and the majority used the same commercially available ELISA kits to measure levels of AD biomarkers [79] . The CV for Ab42 ranged from 17 to 53%, with CV for tau ranging from 13 to 29% and for p-tau 181 ranging from 10 to 16%. The variability improved when the same samples were again assayed by the participating centers 4 years later, with CV ranging from 19 to 26% for Ab42, 13-18% for tau, and 14-16% for p-tau 181 [79] .
This type of variability is especially troublesome when levels of different biomarkers are combined, as there is a certain degree of variation associated with each analyte analyzed in the model. For example, in our analysis of the best predictor combination of CSF AD biomarkers to differentiate between pathologically confirmed cases of AD and FTLD, our initial analysis derived a cut-off value of 1.06 for the CSF total tau-to-Ab42 ratio (tau/Ab42) to achieve 78.9% sensitivity and 96.6% specificity in distinguishing between FTLD and AD [11] . However, our subsequent re-analysis of a larger cohort including both CSF samples from living patients and pathologically confirmed cases derived a cut-off value of 1.45 using the same set of autopsy-confirmed cases as our initial analysis [45] . These differences were not due to cases having widely different relative levels of tau or Ab42, but rather small differences in measured levels of tau and Ab42. One potential solution is the inclusion of autopsy-confirmed cases within each experimental design to derive the receiver operating curve (ROC) for each assay, although there is a limited supply of autopsy-confirmed cases with ante-mortem CSF and it will be impractical to translate this approach to additional sites where similar assays will be performed. A second approach is to come up with systematic numeric normalization to account for the inter-site and inter-assay variability, which has been demonstrated in a multi-center study [55] . The exact variability this method introduces is unclear, and deserves further review.
An alternative to the use of ELISA to measure levels of CSF AD biomarkers is the use of a bead-based approach (AlzBio3 Ò , Innogenetics, Ghent, Belgium) [47] in the Luminex platform. Instead of plate-mounted antibodies, antibodies targeting total tau, p-tau 181 , and Ab42 are attached to beads that can be suspended in solution. This method resembles more a solution-phase interaction between specific antibodies and paired antigens, and has been empirically determined to be associated with less intra-and inter-assay variability. As part of the Alzheimer's Disease Neuroimaging Initiative (ADNI) Biomarker Core [69] , a seven-site round robin study was undertaken to determine the inter-site and inter-assay variability of pooled CSF samples [76] . The intra-and inter-assay CVs using five pooled CSF samples averaged 6.7-7.5% within single centers, and 18-20% for Ab42, 12-19% for tau, and 15-26% for p-tau 181 between centers, compared to the 20-30% values typically seen in ELISA-based assays. Currently, additional work is underway to explore and minimize such inter-center CVs similar to what was done to ELISA-based assays. The advantages of a Luminexbased approach thus include the increased precision and the ability to multiplex assays using a very small sample volume of biofluid, while the disadvantages include the upfront cost and the maintenance of the specialized equipment. Using living cognitively normal subjects (n = 52) and autopsy-confirmed cases of AD (n = 56) from UPenn, Shaw and co-workers [69] were able to use the Luminex platform in a multiplex fashion to derive threshold values for each CSF AD biomarker (i.e. total tau, p-tau 181 , and Ab42) to distinguish between AD and cognitively normal subjects. The observed trade-off between sensitivity and specificity was similar to that seen in ELISA-based analyses, with CSF Ab42 levels garnering higher sensitivity at the cost of specificity, and CSF tau levels associated with higher specificity at the cost of lower sensitivity. Also similar to work based on ELISA, combination of the two biomarkers-either as a ratio or as linear combinations [55, 69] -achieved a stronger balance between sensitivity and specificity, again suggesting that the use of multiple biomarkers instead of any single biomarker may generate the best diagnostic profile for AD against cognitively healthy subjects.
However, a number of questions remain unanswered in the use of a single cut-off value for each core analyte or analyte combination. For example, do the threshold values derived from studies of AD versus cognitively healthy subjects apply to the distinction between AD and non-AD dementing illnesses? Given the lag time between clinical CSF collection and autopsy evaluation, most studies rely on analysis of living AD patients or living cognitively health subjects, and few reports are available on the relationship between these CSF AD biomarkers and the eventual pathologic diagnosis [19, 21, 29] . As detailed neuropathologic analysis remains the gold standard against which biomarkers are compared, cut-off values based on living patients and control subjects may over-or underestimate the diagnostic accuracy given any threshold level. Furthermore, such cut-off values are usually derived from comparisons between elderly AD patients (with or without autopsy confirmation) and age-matched cognitively normal control subjects. The proportion of cognitively healthy subjects with an ''abnormal'' (i.e. AD-like) pattern of CSF AD biomarker profile may increase with age either as a reflection of the increasing incidence of age-associated amyloidosis or pre-symptomatic AD [27] . In 168 living cognitively healthy subjects who underwent CSF analysis by ELISA, Morris and colleagues [58] found age-associated trends of change in Ab42, total tau, and p-tau 181 all in the direction of pathologic alterations in those with and without the ApoE e4 allele. When a cut-off value of 500 pg/mL was used to distinguish between normal and pathologic levels of CSF Ab42, the proportion of cognitively healthy subjects with AD-like biomarker levels increased from 18.2% among those 45-49 years of age to 50% among those 80-89 years of age. Thus, cut-off values derived from studies using older cognitively health subjects must strike a balance between the sensitivity of detecting symptomatic and pre-symptomatic AD [28] , and the specificity associated with clinical cognitive status. On the other hand, in younger subjects with cognitive concerns and patients with non-AD neurodegenerative disorders (FTLD, DLB, vascular dementia) who often have younger ages of onset than patients with AD [31, 41, 44] , applying threshold values from elderly AD versus age-matched cognitively healthy subjects may underestimate the proportion of younger patients with pathologic AD. Therefore, as our first analysis using CSF from patients with known pathology (n = 91) and living cognitively healthy subjects (n = 33, Table 1 ) [42] , we sought to validate the diagnostic utility of established CSF AD biomarkers and their proposed threshold values in a Luminex platform in differentiating between pathologically confirmed AD and non-AD neurodegenerative disorders.
Using previously proposed threshold values [69] , CSF levels of total tau, p-tau 181 , and Ab42 in general achieved adequate performance in distinguishing between cases of AD and non-AD neurodegenerative disorders ( Table 2) . Table 1 Subjects included in the initial CSF biomarker studies, including cognitively healthy subjects and demented subjects with known pathology
Group
Cognitively healthy (n = 33) When each traditional AD biomarker or biomarker combination (e.g. CSF levels of total tau, p-tau 181 , and Ab42) was examined, measurement of Ab42 levels again was highly sensitive with moderate specificity (overall diagnostic accuracy of 90.1%, other performance characteristics in Table 2 ), while total tau and p-tau 181 levels achieved high specificity at the cost of sensitivity.
Compared to the performance characteristics of the same biomarkers in differentiating between AD and cognitively healthy subjects, p-tau 181 was associated with much higher specificity when used to distinguish between AD and non-AD dementia cases (92.0%) than when used to differentiate between AD and cognitively healthy subjects (73.1%), although the ratio of tau/Ab42 continued to provide the best balance between sensitivity and specificity. It is also noteworthy that the overall diagnostic accuracy of total tau or p-tau 181 as a single biomarker to separate AD from non-AD disorders was at similar levels as chance alone (assuming all cases are AD: diagnostic accuracy = 72.5%, with 100% sensitivity and 0% specificity). Thus, different threshold values may be potentially derived for the distinction between AD and non-AD dementia (Table 3) . Hence, in this set of core analytes, the single threshold approach could be augmented by adjusting the cut-off values for Ab42 to improve specificity without significant change in sensitivity, while doing the same for total tau and p-tau 181 still demonstrated sub-optimal performance as lone biomarkers.
To improve upon the performance of these more established CSF AD biomarkers, we analyzed the levels of novel candidate biomarkers included in the RBM Human DiscoveryMAP TM panel (hereby referred to as the MAP panel). This approach has been used for discovery of biomarkers for ovarian cancers [3, 10] , coronary artery disease [38] , Sjogren's disease [24] and pre-natal screening for Down syndrome [50, 63] . The MAP panel currently includes in its membership 189 analytes, and the levels of many MAP analytes have been proposed to be altered in AD when contrasted against non-AD cases [19, 29, 65, 72] . The initial version of the RBM MAP panel available to us for CSF biomarker studies included 151 analytes, although only 106 analytes had measurable levels in the CSF [42] . Among these 106 analytes, we searched for novel biomarkers which could substitute or complement the classification performance by established AD biomarkers (i.e. tau, p-tau 181 , and Ab42). This is important in two regards. First, as we demonstrated above in the single analyte approach, there is a clear trade-off between sensitivity and specificity in using the more established CSF AD biomarkers to classify between AD and non-AD cases (cognitively healthy subjects and non-AD demented cases), and one or many of the MAP analytes may improve the sensitivity or specificity of AD classification with or without the traditional CSF AD biomarkers. Second, as existing therapeutic strategies in AD largely target the molecular signature of AD, it will be important to have an independent set of biomarkers not directly linked to Ab42 or tau metabolism as surrogate endpoints in monitoring therapeutic response. In other words, if a gamma-secretase inhibitor [30] is successful in restoring the CSF Ab42 levels in patients clinically diagnosed with AD, restoration (partial or complete) of additional biochemical analytes altered in AD could be very useful in determining the extent of therapeutic success [64] especially if clinical (2) analytes common between AD and one other group of subjects, but distinct from the third group. Univariate analysis using Mann-Whitney U test (a nonparametric analysis was chosen because MAP analyte levels in CSF usually had non-normal distribution even after transformations) showed that multiple analytes do differ between AD and cognitively normal subjects, but only a few differ between AD and non-AD neurodegenerative disorders. This result was the first suggestion that the majority of MAP analytes likely represented common pathway elements in neurodegeneration downstream from the initial steps of pathogenesis. Indeed, as the MAP panel is biased toward a large number of peptides in inflammatory, cell signaling and apoptotic pathways that are hypothesized to be activated in both AD and non-AD disorders, altered patterns of multiple such peptides in both AD and non-AD disorders should not be surprising.
Since AD and non-AD disorders (and possibly normal aging) will activate inflammatory and apoptotic pathways, any single MAP analyte is most likely insufficient to distinguish AD from other groups in the cohort. Indeed, on a single analyte level, CSF Ab42 outperformed any other analyte with respect to the ability to distinguish between AD and cognitively health control subjects by generating the largest area-under-the-curve (AUC), i.e. an AUC of 0.920, with total tau closely behind (AUC of 0.813, Fig. 1 ). At the same time, 35 other analytes outperformed p-tau 181 (AUC of 0.613) in the ROC curve analysis (Table 4) , and Fig. 1 Receiver operating characteristic curve for the diagnosis of AD using a single biomarker level or the ratio of two biomarker levels (Fig. 1) . If we replaced tau with PDGF in the traditional AD biomarker set, the PDGF/Ab42 ratio can achieve a sensitivity of 89.4% and a specificity of 87.9%. Similar to CSF tau levels, CSF PDGF levels likely improved upon the low specificity associated with using CSF Ab42 levels alone. As we hypothesized that elevated CSF tau levels serve as a surrogate marker of tau pathology-mediated cell death, the improved specificity (against control subjects) with the introduction of PDGF levels in the diagnostic model is probably due to the distinction between cognitively normal subjects with decreased CSF Ab42 levels and demented AD patients. When we examined this in detail, four of the five cognitively healthy subjects with low CSF Ab42 levels had normal PDGF levels, and three of the four AD patients with normal CSF Ab42 levels had elevated PDGF levels (78% accuracy in re-classification). In contrast, three of the five cognitively healthy subjects with low CSF Ab42 levels had normal tau levels, and one of the four AD patients with normal CSF Ab42 levels had elevated tau levels (44% accuracy in re-classification).
Approach 2: core analytes, multiple thresholds
As demonstrated above, AD can be diagnosed with moderate sensitivity and specificity using single threshold values for a core panel of AD biomarkers (consisting of multiple traditional and one novel CSF biomarker). If intraand inter-assay variability is limited, a single threshold value can be empirically determined from multi-center studies to generalize the utility of such core analytes, single threshold approach. Nevertheless, some supervised algorithm must be employed to select such thresholds for the optimization of sensitivity and specificity, given ageassociated prevalence of AD within each decade of life and the purpose of such diagnostic testing (screening vs. confirmatory). There are a number of alternatives to this strategy, and two are presented in this review for their practicality. The first is to derive multiple threshold values for each biomarker of interest. For example, CSF Ab42 levels are known for their sensitivity in predicting underlying AD pathology at some cost to specificity. However, a closer examination of the ROC reveals threshold values at which specificity is quite high despite lowered sensitivity. Whereas a threshold of 193 pg/mL is associated with 95.5% sensitivity and 81.0% specificity, a threshold of 166 pg/mL is associated with 89.7% specificity and 78.8% sensitivity. Thus, at the individual patient level, the majority (52 of the 66) of patients with autopsy-confirmed AD had CSF Ab42 levels at 166 pg/mL or below this threshold have a positive predictive value of 94.5% for AD. An additional group of 10 patients with autopsy-confirmed AD had CSF Ab42 levels over 166 pg/mL, but under 192 pg/mL, with a positive predictive value of 76.9%. It remains to be determined if these patients had similar degrees of AD pathology as those with lower CSF Ab42 levels. These more intermediate CSF Ab42 levels are also associated with less diagnostic certainty than those who met the more stringent threshold, and their clinical diagnosis may need supportive evidence from other modalities. Instead of a single threshold, a low-moderate-high likelihood scale or a probability-based score can be constructed for each potential biomarker. Such a quantitative approach can then be applied in a project-specific fashion. For example, a therapeutic trial targeting patients with highly probable AD may use CSF Ab42 level of 166 pg/mL as the threshold, while a natural history of early AD study may use CSF Ab42 level of 193 pg/mL as the threshold (Fig. 2) . The main advantage of this approach is the ability to pre-determine the specificity and positive predictive value of a biomarker-based diagnosis without introducing and refining assays for novel analytes, although this may be at the expense of diagnostic uncertainty for a subgroup of patients. To overcome the potential limitations of single analyte-based strategies, we review our recent multi-analyte profiling approach in refining a biomarker-based diagnosis of neurodegenerative disorders. Since combining traditional CSF AD biomarkers (e.g. deriving tau-to-Ab42 ratio or a linear relationship among tau, p-tau 181 , and Ab42) [55, 69] can improve the overall diagnostic accuracy over using individual component biomarkers, we hypothesized that combining multiple candidate biomarkers in combinatorial analyte profiling would improve the diagnostic performance of any individual novel biomarker. This type of approach has been used in cancer diagnosis using gene expression profiling [14, 35, 75, 81] and in one prior study of plasma biomarkers of AD [65] . A large number of classification schemes are available, including algorithms that are supervised and unsupervised [56] , and strategies that reduce the dimensionality of data through feature selection [67] , group membership with proxy features [65, 75] , treebased approaches [81] , or a combination of the methods [62] . As biomarker identification and performance may vary according to the choice of analytical strategy due to dependence of each strategy on certain underlying assumptions (normal distribution, accuracy and precision of features, etc.), we sought to determine the most optimal classification biomarkers for AD using three independent strategies in discovering novel CSF biomarkers for AD. These include feature selection using univariate analysis followed by logistic regression, a classification tree-based strategy (random forests analysis), and a nearest-shrunken centroid approach (predictive analysis of microarrays or PAM) [65, 75] . Univariate analysis followed by logistic regression was included due to its common presence in the scientific literature, although it is associated with significant weakness in this instance due to the high dimensional data relative to the number of samples included. Thus, the smallest number of AD biomarkers emerged from the logistic regression model, largely due to sample size restrictions [42] . The nearest-shrunken centroid method is explained in detail by Tibshirani [75] . Briefly, it identifies analytes (genes in cancer expression profiles or proteins in our case) that are most representative of the class (e.g. AD) while eliminating analytes whose levels are more similar between classes. This approach was used by Ray et al. [65] to identify plasma biomarkers of AD, and gives more weight to analytes whose levels are stable within samples of the same class. At the same time, success in deriving differences in gene expression from transformed tissue may not necessarily translate into success in finding differences in soluble protein levels in biofluids that are/are not in close contact with the organ of interest, which in this case is the CNS (i.e. CSF vs. plasma, respectively). Thus, we chose a tree-based classification strategy as our last analytical approach, as random forests analysis is less influenced by the within-class variability which may be inherent to biofluid-based studies. Lastly, as these analytical approaches may differ in power in terms of identifying unique versus shared biomarker changes and two-versus multigroup classifiers, we separately performed two-class comparisons (AD vs. health elderly seniors, AD vs. non-AD dementia) using all three statistical approaches. This parallel analytical approach thus permits voting of class membership (healthy elderly control, AD, non-AD dementias) both on an analyte-by-analyte basis and on an analysis-by-analysis basis to generate biomarkers with the highest likelihood of characterizing AD versus controls and non-AD subjects from a CSF perspective. When only MAP biomarkers were used, a core group of analytes were identified by multiple (two or three) analytical strategies to be useful in the distinction between AD and cognitively healthy subjects (analytes in shaded areas, Fig. 3, left) . Analytes determined by random forests analysis achieved 86.4% sensitivity and 81.8% specificity, in similar ranges as a model containing traditional AD biomarkers (i.e. CSF levels of total tau, p-tau 181 , and Ab42) and demographic factors (age and gender). Analytes determined by PAM achieved 89.4% sensitivity and 75.8% specificity, also in similar ranges as traditional AD biomarkers plus age and gender per PAM. With the exception of the logistic regression model, long lists of MAP analytes were necessary for the most optimal classification between AD and cognitively healthy subjects (17 analytes by random forests, and 33 by PAM). Thus, if CSF tau and Ab42 levels were altered in patients due to a therapeutic intervention of some kind such that they would no longer be available for classification purposes, these MAP analytes have the potential of maintaining the ability to distinguish between AD and cognitively healthy subjects. However, this type of modeling does not take into account the relationship between MAP biomarker levels and the levels of traditional Fig. 3 Analytes determined to be useful in the classification between AD and cognitively healthy subjects by one or more analytical algorithms (logistic regression, random forests, or PAM) when only MAP biomarkers are used (left) or when MAP biomarkers and traditional AD biomarkers are used (right). Age and gender were included in all models AD biomarkers such as CSF tau and Ab42. Thus, when we introduced these traditional AD CSF biomarkers into each classification model (logistic regression, random forests, and PAM), the improvement in classification both in terms of diagnostic accuracy and reduction of useful analytes can be visualized in the Venn diagram (Fig. 3, right) . First, CSF tau and Ab42 levels were identified by all three algorithms as key CSF analytes for identifying AD cases. In addition, levels of PDGF and neuron-glia CAM-related cell adhesion molecule (NrCAM) continued to provide classification values in conjunction with CSF levels of tau and Ab42, although the role of fatty acid binding protein (Fabp) was reduced in one algorithm (logistic regression). Similarly, many novel analytes in the MAP biomarker only model no longer contributed to the identification of AD cases, suggesting that some of the MAP biomarker combinations were likely biomarker substitutes for traditional AD biomarkers. Lastly, the number of total analytes necessary for the identification of AD was reduced in all models (especially PAM), which likely supports the notion that the majority of MAP analytes are needed to refine the classification performed by the dominant biomarkers (Ab42, tau, PDGF, NrCAM). The combined model (MAP and traditional AD biomarkers) achieved 92.4% sensitivity and 97.0% specificity in classification by random forests, and 97.0% sensitivity and 87.9% specificity in classification by PAM.
To better understand how MAP analytes improve the distinction between cognitively healthy subjects and AD, we analyzed PDGF levels according to CSF Ab42 and tau categories using threshold values determined in this review (Fig. 4) . As we previously demonstrated, low CSF Ab42 levels identified the majority of AD, while 13 cases were misclassified based on CSF Ab42 alone. Using elevated tau levels (red circles in Fig. 4 ) in addition to CSF Ab42 levels did not significantly alter the outcome, as there was a tradeoff between increased sensitivity and decreased specificity. Elevated PDGF levels were more specific than elevated tau levels to correctly identify those with autopsy-confirmed AD but normal CSF Ab42 levels (Fig. 4) . In fact, when we analyzed the relative levels of the MAP analytes in these 13 misclassified subjects next to tau levels alone (Fig. 5) , it was apparent that coupled changes in MAP biomarkers could better correctly re-classify autopsy-confirmed AD cases with normal CSF Ab42 levels than using a tau threshold alone. At the same time, multiple cases of cognitively healthy subjects had low CSF Ab42 levels and MAP biomarker patterns suggestive of AD. As CSF biomarker patterns can change long before symptomatic onset, alterations in MAP biomarkers other than tau provide possible support that these cognitively healthy subjects may be at increased risk for future cognitive symptoms.
Compared to the core analyte approaches (with single or multiple thresholds), the combinatorial MAP approach is more tolerant of analytes in the borderline ranges and analytes with larger CVs, as the eventual class membership depends more on each sample's composite profile (and its neighbors) than the absolute relationship between a single analyte's level and a cut-off value. Levels of multiple analytes can be measured simultaneously, as a fixed amount of assay volume is mixed with multiple types of beads each carrying specific antibodies. The disadvantages include the more sophisticated equipment and the necessity to develop multiple assays, which can be costly and time consuming. While individual investigators may weigh the disadvantages of a MAP approach against those associated with the threshold approach using established targets and assays (such as Ab42), a MAP approach is clearly superior to the single analyte approach in biomarker discovery as we discuss below.
Frontotemporal lobar degenerations
The distinction between AD and non-AD neurodegenerative disorders is a key component in the translation of AD biomarkers into clinical practice. The current use of traditional AD biomarkers in the CSF comes up short in generating a complete clinicopathologic relationship if the initial biomarker profile is not consistent with AD. For example, patients with normal cognition, depression, DLB, and FTLD can all have a negative CSF AD biomarker profile, and additional biomarkers are necessary for the further classification of patients with a negative AD profile.
To this end, we extended our analysis of MAP biomarkers in AD to include patients with neurodegenerative disorders of known pathology. Due to the long-standing interest in FTLD [31, 37, 60 ], 23 of the 25 patients with non-AD pathology had one of two FTLD subtypes, including 14 patients with FTLD and TDP-immunoreactive lesions (FTLD-TDP) [60] , and 9 patients with FTLD and tauimmunoreactive lesions (FTLD-Tau) [18] . When we repeated MAP analysis (using all three strategies described above) to distinguish between AD and non-AD neurodegenerative disorders, we identified p-tau 181 (instead of total tau), Ab42, and agouti-related peptide (AgRP) as useful classifying analytes by all three algorithms. While Ab42 and p-tau 181 are expected to improve the distinction between AD and non-AD disorders, the role of AgRP in this classification was not intuitive. One possible explanation is that all non-AD disorders shared a profile of AgRP levels unique from the profile of AD. As AgRP was not an analyte that differed in levels between AD and cognitively healthy subjects, AgRP levels would then be hypothesized to be altered in one or more non-AD disorders. When we examined AgRP levels in greater detail, it was found that AgRP levels were significantly elevated in a high proportion of FTLD-TDP cases, while elevated only in a small proportion of FTLD-Tau cases. Since clinical ante-mortem distinction between FTLD-TDP and FTLDTau cases is extremely challenging despite group-level phenotype-pathology correlation, we sought to determine if MAP analysis could generate analytes that can be clinically and biologically meaningful in FTLD.
Instead of a three-prong approach, we analyzed the CSF data from the two FTLD subgroups using Mann-Whitney univariate analysis (the overall sample size was too small for regression) and random forests as the small group size was a training challenge to PAM [43] . Perhaps not surprisingly, CSF Ab42 levels did not differ between the two FTLD groups. In addition, CSF tau levels were similar between the two FTLD groups, despite the tau-associated pathology in FTLD-Tau. The normal CSF tau levels in FTLD-Tau cases may reflect differential tau phosphorylation patterns and thus CSF tau solubility [78] . Aside from AgRP, four analytes were identified as putative markers including adrenocorticotropic hormone (ACTH), eotaxin-3, Fas, and interleukin 17 (IL-17) by both statistical methods. To the best of our knowledge, prior work on CSF or plasma biomarkers of FTLD subtypes only identified plasma TDP-43 levels to be altered in some patients with clinically diagnosed FTLD (and a smaller proportion of patients clinically diagnosed with AD) [32] , and CSF TDP-43 levels to be increased in patients with clinically diagnosed ALS [71] . While little is known about the biology of the candidate FTLD biomarkers in either FTLD subtype described here, we made a number of observations based on coupled changes in peptide levels. First, ACTH and AgRP were both elevated in FTLD-TDP compared to FTLD-Tau, and their common hypothalamic origin raises the possibility of hypothalamic dysfunction in FTLD-TDP. Second, along with IL-17, IL-23 levels also differed between FTLD-TDP and FTLD-Tau. IL-23 is the upstream effector that induces the differentiation of IL-17 secreting T cells [4] , thus a paralleled change in IL-23 and IL-17 provides biological plausibility that this particular pathway is altered in FTLD-TDP. Lastly, as an example of two discovery studies that can mutually support the findings in each, angiopoetin-2 peptide was found to increase in FTLD-TDP relative to FTLD-Tau, while angiopoetin-1 mRNA was found to be increased in FTLD-TDP brain tissue [20] . Overall, the MAP-based discovery approach allowed the identification of putative biomarkers that can provide ante-mortem distinction between FTLD-TDP and FTLD-Tau, and analytes-both those that improve classification or only differ in levels-that may be biologically significant in the pathogenesis of these neurodegenerative disorders. As levels of these and other biomarkers differed between FTLD-TDP cases with clinical ALS and ALS cases without cognitive impairment (Hu, unpublished observation) , it is possible that biomarkers for FTLD-TDP may reflect region-specific vulnerability to TDP-associated pathology. Furthermore, these biomarkers may thus be associated with the development of more diffuse brain pathology and dementia in ALS. While this study is currently on-going, two studies analyzing Parkinson's patients and the development of cognitive impairment will illustrate our point.
Parkinson's disease
Cognitive impairment (including dementia and milder forms of decline) can occur in patients with PD, and some estimates suggest that the lifetime prevalence of cognitive impairment in PD approaches 80% [1, 17, 40] . While certain clinical features have been identified as predictors of cognitive decline in some studies [73, 77] , effect sizes are generally small and it is difficult to see how these group-level indicators can be used on the individual patient's level. In addition, the pathologic substrate for cognitive impairment in PD is not entirely clearly. One potential possibility is that cognitive impairment and dementia occur as a late consequence of PD due to extensive involvement of a-synuclein pathology. An alternative explanation may be that PD patients develop dementia through an AD-like pathogenic process, for which they may be at increased risk compared to the general population. These two potential mechanisms are by no means mutually exclusive and may occur in subsets of PD, or even within the same individuals (Fig. 6) .
Evidence for the first possibility comes from observations of altered CSF levels of a-synuclein in individuals with various clinical syndromes characterized neuropathologically by accumulations of a-synuclein. For example, in patients clinically diagnosed with DLB [49] and in PD with or without dementia [57] , CSF a-synuclein may be decreased relative to normal controls. However, reports for CSF a-synuclein as a biomarker of PD or dementia related to PD have been conflicting [61] , but the search for PD-specific biomarkers of cognitive impairment is still in its infancy.
Evidence for the second possibility comes from numerous studies demonstrating an AD-like CSF profile in PD dementia (PDD) and clinical DLB (for review of diagnostic criteria, see review by Lippa and colleagues [53] ). In one study, patients with clinically diagnosed DLB or PDD had lower mean CSF Ab42 levels than cognitively healthy subjects [12] , and a threshold-based approach may distinguish between AD, DLB, and PDD. A more recent cross-sectional study compared the CSF levels of traditional AD CSF tau and Ab42 biomarkers between PD patients with and without dementia, and found that PDD patients as a group had higher tau levels and lower Ab42 levels than cognitively healthy subjects and PD patients without dementia, although there was significant overlap in the Ab42 levels between PD patients with and without dementia [23] . While these cross-sectional studies are highly suggestive that alterations in the CSF levels of ADrelated peptides-and possibly AD pathology-may play an important role in cognitive decline for PD patients, they do not address the question of whether altered CSF patterns of traditional AD biomarkers predicted subsequent cognitive decline in individual PD patients over time. A longitudinal study is necessary to correlate the level of traditional CSF AD biomarkers with cognitive change on the individual level.
To address this issue, Siderowf and colleagues [70] from the UPenn Udall Center of Excellence for Parkinson's Disease Research performed such a study. In 45 patients who underwent CSF collection (mean disease duration 11 years) followed by longitudinal neuropsychological characterization (mean follow-up time 1.5 years), those with low CSF Ab42 levels (B192 pg/mL) had significantly greater cognitive decline over time than those with normal CSF Ab42 levels. This trend persisted whether the model was unadjusted or adjusted for age, disease duration and baseline Hoehn and Yahr stage. At the same time, total tau and p-tau 181 levels did not seem to correlate with rates of longitudinal cognitive decline, although the sample size may have limited the statistical power to discover any such association. Therefore, CSF Ab42 levels in the range of pathologically confirmed AD may predict subsequent cognitive decline within a non-demented PD population, although detailed clinicopathologic analysis will be necessary to determine whether an AD-like CSF profile is indicative of cognitive impairment by the development of AD pathology, and whether such a profile can differentiate those who develop PDD due to pure a-synuclein pathology versus those who developed PD and then AD. Future studies exploring non-AD-related biomarkers of cognitive decline can take advantage of the multi-analyte profiling approach we discussed above targeting two potential types of candidate biomarkers: those that are altered in PD patients with dementia regardless of cause (such as PDGF or NrCAM), and those that confer specificity to the pathologic substrate (amyloid, a-synuclein, or both). 
Future direction

Standardized diagnostic algorithm
We have now completed analysis in a number of projects associated with the multiple neurodegenerative disorder MAP approach, including diagnosis of AD by CSF, differential diagnosis between FTLD-TDP, and identification of those with PD at risk for cognitive decline. A number of additional projects are underway, including the singlecenter plasma-based biomarker diagnosis of AD, multicenter plasma-based biomarker diagnosis of AD in conjunction with Washington University at St. Louis [27, 28, 58] and the Australian Imaging Biomarkers and Lifestyle (AIBL) Study [25, 54] , and CSF predictor of cognitive decline in ALS [46] among others. The goal of these discovery-phase studies is to identify candidate biomarkers that can reliably be measured across centers and used to distinguish clinically useful entities (with pathologic confirmation), while the diagnostic performance should be validated in large multi-center studies such as North American ADNI [76] and the European ADNI [16] , adjusting for important demographic and other factors that may influence the level of each biomarker, including age, gender, ApoE alleles, and neurological and systemic comorbidities. As AD remains the most common disorder and biomarkers for AD represent the most mature analytes in this collection of candidate biomarkers, we propose that an age-and ApoE-based diagnostic evaluation be first performed to determine the likelihood that AD pathology is present in sufficient quantity to account for the clinical symptoms. Other biomarkers such as PDGF, NrCAM, or C3 can be used in conjunction to potentially distinguish between pre-symptomatic and symptomatic AD, although more work is necessary to clarify the significance of coexisting (''minor'') AD pathology in other disorders (DLB, FTLD-TDP, FTLD-Tau) and their relationship to CSF patterns of AD biomarkers. A number of the false-positive cases in our cohort with known pathology had not only a non-AD disorder as the dominant pathology but also neuritic plaques and neurofibrillary tangles that in the experienced neuropatholgists' opinion likely did not contribute to the global neurodegeneration and cognitive decline, and this suggests that traditional AD CSF tau and Ab42 biomarkers may be altered in cases of diffuse sparse AD pathology or dense focal AD pathology. This phenomenon is in keeping with the alteration of traditional CSF AD biomarkers prior to onset of clinical symptoms due to AD [27, 28, 39, 48, 74] , and we propose that positive biomarkers for each main class of pathology (AD, FTLD-TDP, FTLD-Tau, DLB) are necessary to identify all potential pathologic changes present in a cognitive impaired individual. In other words, while elevated levels of AgRP and ACTH are useful in distinguishing FTLD-TDP cases from FTLD-Tau cases, FTLD-Tau should not remain a diagnosis-by-exclusion and there persists the need for biomarkers that positively identify FTLD-Tau. Similarly, given the significant clinical and pathologic overlap between AD, DLB, and PDD, biomarkers are also needed to positively identify Lewy body pathology despite the apparent usefulness of AD biomarkers. Future novel biomarkers will likely come from both hypothesis-driven [49, 57] and discovery-based approaches [2, 82] , and success in both strategies may be necessary to positively identify the main neurodegenerative disorders while keeping in mind neurological mimickers such as Creutzfeldt-Jakob disease [8, 51] and HIV subjects with dementia [22] or opportunistic infections [34] .
Beyond diagnostic classification
Another important direction in biomarker work centers around the topic of prognosis. Traditional CSF AD biomarkers may predict decline in cognitively normal subjects at the group level [28] , although accurate prognosis at the individual level remains difficult. In our effort to identify CSF MAP biomarkers for AD, we also identified thymus-expressed chemokine (TECK; also known as CCL25) as a biomarker whose level is associated with rate of decline in patients diagnosed with mild cognitive impairment. Interestingly, TECK itself offered little value in classification between AD and cognitively healthy subjects or predicting rates of decline in moderate to severe AD, suggesting that certain analytes may offer stage-specific value in diagnosis, prognosis, or both. While low CSF Ab42 levels are associated with future cognitive decline in non-demented subjects, the question can be raised as to whether this approach merely identifies patients with pre-symptomatic AD who are closest to the conversion from their current cognitive state to early AD. In our studies, longitudinal analyses centered around individual patients' rates of decline identified analytes different from those selected by a conversion or stagebased approach. This raises the possibility that existing and future biomarker panels can potentially predict individual patients' cognitive and functional decline over time, most likely through profiling the relative proportion of neuropathology, protective and detrimental inflammatory responses, and biological indicators of reserve. This type of biomarker profiling should represent a significant step forward from epidemiology-based prognostication in current clinical practice, and may be essential in selecting the appropriate patients for approved or experimental therapies. When combined with other clinical measures such as neuropsychological and atrophy analysis [7, 59, 80] , such MAP analysis may eventually serve as a virtual brain biopsy to derive multi-dimensional clinicopathologic data for each patient.
